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Nitric oxide and passive limb movement: a new approach
to assess vascular function
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Key points

• Passive limb movement elicits a robust increase in limb blood flow (LBF) and limb vascular
conductance (LVC) without a concomitant increase in skeletal muscle metabolism.

• The peripheral vascular mechanisms associated with the increase in LBF and LVC are unknown.
• Using an intra-arterial infusion of N G-monomethyl-L-arginine (L-NMMA) to inhibit nitric

oxide synthase (NOS) the hyperaemic and vasodilatory response to passive limb movement
was attenuated by nearly 80%.

• This finding demonstrates that the increases in LBF and LVC during passive limb movement
are primarily NO dependent.

• Passive limb movement appears to have significant promise as a new approach to assess
NO-mediated vascular function, an important predictor of cardiovascular disease risk.

Abstract Passive limb movement elicits a robust increase in limb blood flow (LBF) and limb
vascular conductance (LVC), but the peripheral vascular mechanisms associated with this increase
in LBF and LVC are unknown. This study sought to determine the contribution of nitric
oxide (NO) to movement-induced LBF and LVC and document the potential for passive-limb
movement to assess NO-mediated vasodilatation and therefore NO bioavailability. Six subjects
underwent passive knee extension with and without nitric oxide synthase (NOS) inhibition
via intra-arterial infusion of N G-monomethyl-L-arginine (L-NMMA). LBF was determined
second-by-second by Doppler ultrasound, and central haemodynamics were measured by
finger photoplethysmography. Although L-NMMA did not alter the immediate increase
(initial ∼9 s) in LBF and LVC, NOS blockade attenuated the peak increase in LBF (control:
653 ± 81; L-NMMA: 399 ± 112 ml−1 min−1, P = 0.03) and LVC (control: 7.5 ± 0.8; L-NMMA:
4.1 ± 1.1 ml min−1 mmHg−1, P = 0.02) and dramatically reduced the overall vasodilatory and
hyperaemic response (area under the curve) by nearly 80% (LBF: control: 270 ± 51; L-NMMA:
75 ± 32 ml, P = 0.001; LVC: control: 2.9 ± 0.5; L-NMMA: 0.8 ± 0.3 ml mmHg−1, P < 0.001).
Passive movement in control and L-NMMA trials evoked similar increases in heart rate, stroke
volume, cardiac output and a reduction in mean arterial pressure. As movement-induced increases
in LBF and LVC are predominantly NO dependent, passive limb movement appears to have
significant promise as a new approach to assess NO-mediated vascular function, an important
predictor of cardiovascular disease risk.
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Introduction

The ability to accurately and reliably assess endothelial
function is valuable from both a research and a clinical
perspective, as endothelial dysfunction has been linked
to the initial stages of hypertension and cardiovascular
disease (Anderson et al. 1995; Dakak et al. 1998; Takase
et al. 1998). Flow mediated dilatation (FMD) following
ischemic cuff occlusion, first described by Celermajer et al.
(1992), has been adopted by researchers to evaluate global
endothelial function but has failed to be embraced by the
clinical community despite early work that established
a positive correlation between brachial artery FMD and
invasively measured endothelial function of the coronary
arteries (Anderson et al. 1995). A key impetus for the
continued use of FMD as a measure of endothelial function
in research is the concept that FMD can be used to evaluate
endothelium-derived nitric oxide (NO) bioavailability in
humans. However, the somewhat complex methodology
and analysis in combination with recent evidence that
challenges the notion that FMD is a reliable and selective
method to determine NO-mediated endothelial function
(Tschakovsky & Pyke, 2005; Pyke et al. 2010; Parker et al.
2011) have left some questioning the usefulness of FMD.
This uncertainty regarding FMD as an in vivo bioassay of
NO bioavailability, coupled with the vasoprotective and
cardioprotective effects of NO, has prompted the search for
a new methodological approach to assess NO-dependent
endothelial function.

Recently, our group (Wray et al. 2005a; Hayman
et al. 2010; McDaniel et al. 2010a,b; Trinity et al.
2010, 2011) and others (Gonzalez-Alonso et al. 2008;
Hellsten et al. 2008; Hoier et al. 2010) have focused on
the peripheral and central haemodynamic responses to
passive limb movement as a reductionist model to better
understand the factors controlling movement-induced
hyperaemia. By removing the increase in metabolism
associated with active exercise important findings related
to the control of hyperaemia have been revealed.
Specifically, in healthy humans, following the initial onset
of passive movement, there is a transient, yet robust,
increase in limb blood flow and vascular conductance
that sets in motion a cascade of events that triggers
additional peripheral haemodynamic changes likely to
include flow mediated dilatation in addition to increases
in heart rate and cardiac output that support the hyper-
aemia (McDaniel et al. 2010a; Trinity et al. 2010).
Through various experimental designs, the roles of
afferent feedback (Trinity et al. 2011; Venturelli et al.
2012), the muscle pump (Wray et al. 2005a), perfusion
pressure (Trinity et al. 2011), age (McDaniel et al.
2010b), and cardiac innervation/denervation (Hayman
et al. 2010) have all been reported to have an sub-
stantial impact on passive movement-induced hyper-
aemia. However, whether NO plays a fundamental

Table 1. Stature and blood characteristics

Age (years) 24 ± 1
Height (cm) 175 ± 2
Weight (kg) 72 ± 3
Body mass index (kg m−2) 24 ± 1
Leg volume (dl) 72 ± 4
Glucose (mg dl−1) 66 ± 4
Cholesterol (mg dl−1) 162 ± 12
Triglycerides (mg dl−1) 90 ± 18
HDL (mg dl−1) 51 ± 4
LDL (mg dl−1) 99 ± 10

Values are means ± SEM.

role in movement-induced hyperaemia has yet to be
determined.

At rest the inhibition of nitric oxide synthase (NOS)
consistently decreases limb blood flow and vascular
conductance by 30–40% indicating an essential role of
NO in controlling basal blood flow (Taddei et al. 2001;
Wray et al. 2011). However, during exercise the reduction
in blood flow following NOS inhibition is typically
less, falling in the range of 5–25% (Endo et al. 1994;
Gilligan et al. 1994; Shoemaker et al. 1997; Dinenno
& Joyner, 2003; Schrage et al. 2004; Green et al. 2005;
Wray et al. 2011). This implies a reduced contribution
of NO to exercise-induced hyperaemia, an experimental
paradigm characterized by increased metabolism which
is also likely to play a significant role in elevating blood
flow during exercise. In contrast, passive limb movement
does not invoke a peripheral metabolic response, and
thus the hyperaemic response may be predominantly NO
mediated. Establishing a critical role of NO in movement
induced hyperaemia would lend credence to the potential
use of passive limb movement as a means to non-invasively
determine NO bioavailability and endothelial function.

Therefore, using a model devoid of metabolism, yet
highly responsive in terms of hyperaemia, the purpose
of this study was to determine the extent to which NO
is involved in passive movement-induced blood flow and
vasodilatation, exploring the potential of this model to
assess NO-mediated endothelial function. We directly
tested the hypothesis that movement-induced hyperaemia
is NO mediated by performing passive limb movement in
the absence and presence of high-dose endothelial NOS
inhibition achieved by continuous intra-arterial infusion
of L-NMMA.

Methods

Subjects

Six recreationally active men volunteered to participate
in this research study (stature and blood characteristics
presented in Table 1). Subjects were not taking any
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prescription medication and were free from overt cardio-
vascular disease. Protocol approval and written informed
consent were obtained according to the University
of Utah and Salt Lake City Veteran’s Administration
Medical Centre (VAMC) Institutional Review Boards, in
accordance with the principles outlined in the Declaration
of Helsinki. All data collection took place at the Salt Lake
City VAMC Geriatric Research, Education, and Clinical
Centre in the Utah Vascular Research Laboratory.

Experimental protocol

Before the experiment all subjects reported to the
laboratory for a familiarization trial, fasting blood draw,
and thigh volume measurement. During this session,
passive knee extension and Doppler ultrasound imaging
of the femoral artery were performed to both familiarize
the subjects and ensure that acceptable images could be
obtained at rest and during movement. Upon arrival
at the laboratory, body mass and height were recorded
and the right femoral artery was catheterized (18-gauge
central venous catheter, Arrow International, Reading, PA,
USA) using the Seldinger technique. Following a 30 min
rest period, subjects were moved to the supine position.
Due to lasting effects of L-NMMA, the control trials
were always performed prior to L-NMMA infusion. Trials
were separated by at least 30 min to ensure blood flow
and central haemodynamic measures returned to baseline
values. Before the commencement of passive movement,
stable baseline central and peripheral haemodynamic
measures were attained. An automated occlusion cuff
(Hokansen, Bellevue, WA, USA) was placed just below
the knee of the passively moved limb and inflated to
250 mmHg in order to ensure that the infusate did not
perfuse the lower portion of the limb. Single leg passive
movement was achieved by a member of the research team
moving the leg through a 90 deg range of motion at 1 Hz.
The starting position of the leg was the full extension at
the knee (i.e. 180 deg) and the first movement served to
passively flex the knee (i.e. move to a 90 deg knee joint
angle). Real-time feedback was provided to the researcher
by a digital display of knee joint angle. Before the start
and throughout the protocol, subjects were encouraged
to remain passive and resist the urge to assist with leg
movement. To avoid the startle reflex and active resistance
to the passive movement, subjects were made aware that
passive movement would take place in ∼1 min, but to
minimize the chance of an anticipatory response, they
were not informed of exactly when this movement would
initiate. Passive movement was performed for 2 min.
A subset of three subjects performed a second passive
movement trial as part of a separate investigation which
provided evidence regarding the reproducibility of the
blood flow response.

L-NMMA infusion. Thigh volume was determined
anthropometrically and used for the calculation of drug
dosing. L-NMMA (Bachem, Switzerland) was diluted
from 250 mg lyophilised powder in normal saline to a
concentration of 5 mg ml−1. L-NMMA was infused at a
priming dose of 0.48 mg (dl thigh volume)−1 min−1 for
5 min prior to exercise. During the minute prior to passive
movement, L-NMMA was infused at a maintenance
dose 0.24 mg (dl thigh volume)−1 min−1 which was then
maintained for the duration of passive movement. During
control trials normal saline was infused intra-arterially at
the same rate and duration as the L-NMMA. The L-NMMA
infusion rates were based on previous dose–response
curves that demonstrated a plateau in the reduction of
arm blood flow at 0.24 mg (dl arm volume)−1 min−1 (Wray
et al. 2011).

Measurements

Femoral blood flow. Measurements of femoral arterial
blood velocity and vessel diameter were performed in
the passively moved and the non-moved legs distal
to the inguinal ligament and proximal to the deep
and superficial femoral bifurcation with a Logic 7 and
Logic e Doppler ultrasound systems (General Electric
Medical Systems, Milwaukee, WI, USA), respectively. The
ultrasound systems were equipped with a linear trans-
ducer operating at an imaging frequency of 10 MHz.
Vessel diameter was determined at a perpendicular angle
along the central axis of the scanned area both prior
to and during passive movement. Blood velocity was
measured using the same transducers with a frequency
of 5 MHz. All blood velocity measurements were obtained
with the probes appropriately positioned to maintain an
insonation angle of 60 deg or less. The sample volume was
maximized according to vessel size and was centred within
the vessel. Arterial diameter was measured, and mean
velocity (V mean) (angle corrected, and intensity-weighted
area under the curve) was automatically calculated
(Logic 7 and Logic e). Using arterial diameter and
V mean, blood flow in the femoral artery was calculated
as blood flow = V mean × π × (vessel diameter/2)2 × 60,
where blood flow is in millilitres per minute.

Central haemodynamic variables. HR, SV, CO and MAP
were determined with a finometer (Finapres Medical
Systems, Amsterdam, the Netherlands). SV was calculated
from beat-by-beat pressure waveforms assessed by photo-
plethysmography using the Modelflow method (Beatscope
version 1.1; Finapres Medical Systems), which, in
combination with HR, has been documented to accurately
estimate CO during a variety of experimental protocols
(Sugawara et al. 2003; van Lieshout et al. 2003; Azabji

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Kenfack et al. 2004; de Vaal et al. 2005; de Wilde et al.
2009).

Data acquisition. Throughout each protocol, HR, SV,
CO, MAP and ECG signals underwent analog-to-digital
conversion and were simultaneously acquired (200 Hz)
using a data acquisition system, (AcqKnowledge;
Biopac Systems, Goleta, CA, USA). In addition, this
data acquisition system acquired the audio antegrade
and retrograde signals (10,000 Hz) from the Doppler
ultrasound system that served as a qualitative indicator of
changes in blood velocity thereby facilitating the temporal
processing of all variables.

Data and statistical analysis

The data acquisition software allowed second-by-second
analyses of HR, SV, CO and MAP. All analyses
were performed using a 5 s moving average. The
second-by-second velocities were analysed on the
ultrasound system (GE Logic 7 and Logic e) for the first 60 s
of movement, and 12 s averages were assessed from 60 to
120 s of movement. Two-way repeated-measures ANOVA
was used to determine significant differences between
control and L-NMMA conditions. When a significant main
effect (interaction of treatment by time) was observed,
further post hoc analysis was performed to determine
whether a significant change over time occurred within
a treatment. Cumulative area under the curve (AUC)
was calculated as the summed second-by-second response
during the first 60 s of passive movement and used to
identify how differences over time were affected by the
treatment. Absolute and percentage change from base-
line to peak between conditions were compared using
Student’s t test for paired samples. Significance was set at
anα level of 0.05, and data are presented as means ± SEM.

Results

L-NMMA at rest

Intra-arterial inhibition of NOS by L-NMMA at
rest decreased LBF by 32 ± 5% (control: 244 ± 30;
L-NMMA: 163 ± 17 ml min−1, P = 0.005, Fig. 1A)
and LVC by 34 ± 5% (control: 2.6 ± 03; L-NMMA
1.7 ± 0.1 ml min−1 mmHg−1, P = 0.007, Fig. 2A) but
had no effect on femoral artery diameter (control:
0.88 ± 0.03 cm; L-NMMA: 0.88 ± 0.04 cm, P = 0.88).
Centrally, L-NMMA infusion reduced resting HR
(control: 54 ± 1; L-NMMA: 50 ± 2 bpm, P = 0.046) and
CO (control: 5.5 ± 0.4; L-NMMA: 4.8 ± 0.3 l min−1,
P = 0.038). No differences in SV (control: 101 ± 6;
L-NMMA: 97 ± 6 ml beat−1, P = 0.25) or MAP (control:

91 ± 1; L-NMMA: 93 ± 3 mmHg, P = 0.52) were
observed at rest.

Peripheral haemodynamics during passive movement

At the onset of passive movement, LBF increased
immediately in both control and L-NMMA conditions
(Fig. 1A). During control, LBF reached a peak of
897 ± 101 ml min−1, which was attenuated during
L-NMMA, 563 ± 120 ml min−1 (P = 0.01). Due to the
resting reduction in LBF, the change in LBF from rest to
peak was also determined and revealed a reduction in
LBF due to L-NMMA during passive movement (control:
653 ± 81; L-NMMA: 399 ± 112 ml min−1, P = 0.03)
(Fig. 1B). Both conditions exhibited a transient increase
in LBF; however, during the control condition LBF
remained elevated above baseline until the final 12 s of
movement, whereas during L-NMMA, LBF returned to
baseline 16 s after the onset of movement. The change in
LBF during the first 9 s of movement was not different
between conditions, signifying that NOS inhibition had
no impact on the hyperaemic response during this time
period. The AUC for the increase in LBF was reduced
from 270 ± 51 to 75 ± 32 ml by L-NMMA (P = 0.001),
indicating that 77 ± 7% of the hyperaemic response
to passive movement was NO mediated (Fig. 1C).
In a similar fashion to LBF, LVC reached a peak of
10.0 ± 1.1 ml min−1 mmHg−1, which was attenuated
during L-NMMA, 6.0 ± 1.3 ml min−1 mmHg−1

(P = 0.01, Fig. 2A). The change in peak LVC was
reduced by L-NMMA (control: 7.4 ± 0.9, L-NMMA:
4.3 ± 1.2 ml min−1 mmHg−1, P = 0.03) (Fig. 2B). The
initial increase in LVC was not different between
conditions during the first 7 s of movement. Overall, the
AUC of the increase in LVC was reduced from 2.9 ± 0.5 to
0.8 ± 0.3 ml min−1 mmHg−1 (P < 0.001), indicating that
78 ± 8% of the increase in LVC during passive movement
is NO mediated (Fig. 2C). In terms of the reproducibility
of passive movement-induced hyperaemia, when a
subset of subjects (n = 3) underwent passive movement
under control conditions on a different day there were
no discernible differences in the time course of the
immediate hyperaemic response and the magnitude of
the absolute peak in LBF (CV = 5%).

In the non-moved leg LBF and LVC were increased
in the L-NMMA trial for the first minute of passive
movement (main effect of interaction; LBF, P = 0.024
and LVC, P = 0.013) (Fig. 3A and B). During L-NMMA,
LBF and LVC in the non-moved leg peaked at 29 s
of passive movement (LBF: 516 ± 104 ml min−1 and
LVC: 5.5 ± 1.2 ml min−1 mmHg−1). At the corresponding
time of the control trial, LBF was significantly reduced
(339 ± 42 ml min−1, P = 0.048) and LVC tended to be
decreased (3.7 ± 0.5 ml min−1 mmHg−1, P = 0.06). In

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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both legs there were no discernible changes in common
femoral diameter throughout the passive movement
protocols confirming previous findings that this conduit
artery does not dilate in response to passive movement or
exercise in healthy men (Wray et al. 2004, 2005b; Parker
et al. 2008).

Central haemodynamics during passive movement

Peak HR was higher during control than L-NMMA
(control: 61 ± 3; L-NMMA: 58 ± 3 bpm, P = 0.047);
however, the change in HR from baseline to peak was not
different between conditions (control: 7 ± 2; L-NMMA:

A 

B 

C 
Figure 1. Hyperaemic response of the passively
moved limb over 2 min with and without
intra-arterial NG-monomethyl-L-arginine infusion
Values are means ± SEM. A, absolute leg blood flow
(LBF, ml min−1). Main effect of interaction (condition ×
time), P < 0.01. B, change in LBF, normalized for the
resting reduction in LBF due to L-NMMA. Main effect of
interaction (condition × time), P < 0.01. C, area under
the curve (AUC) calculated as the summed
second-by-second response of LBF during the first 60 s
of passive movement. ∗P < 0.05, significant difference
between control and L-NMMA. One minute of resting
data was collected before passive movement and the
transition from rest to passive movement occurred at
time 0 on the x-axis. Passive movement ended at 120 s
and 1 min of recovery is presented (120–180 s).

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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8 ± 3 bpm, P = 0.83, Fig. 4). Neither the peak (control:
107 ± 7; L-NMMA: 102 ± 4 ml beat−1, P = 0.21) nor the
change in SV (control: 7 ± 2; L-NMMA: 6 ± 2 ml beat−1,
P = 0.15) was different between conditions (Fig. 4).
Similar to HR, peak CO was greater during control

(6.2 ± 0.5 l min−1) compared to the L-NMMA condition
(5.7 ± 0.6 l min−1, P = 0.05); however, the change in
CO was not different between conditions (control:
0.8 ± 0.2; L-NMMA: 0.8 ± 0.3, P = 0.86, Fig. 4). MAP
was transiently reduced during passive movement

Figure 2. Vasodilatory response of the passively
moved limb over 2 min with and without
intra-arterial NG-monomethyl-L-arginine
(L-NMMA) infusion
Values are means ± SEM. A, absolute leg vascular
conductance (LVC, ml min−1 mmHg−1). Main effect of
interaction (condition × time), P < 0.01. B, change in
LVC, normalized for the resting reduction in LVC due to
L-NMMA. Main effect of interaction (condition × time),
P < 0.01. C, area under the curve (AUC) calculated as
the summed second-by-second response of LVC during
the first 60 s of passive movement. ∗P < 0.05,
significant difference between control and L-NMMA.
One minute of resting data was collected before
passive movement and the transition from rest to
passive movement occurred at time 0 on the x-axis.
Passive movement ended at 120 s and 1 min of
recovery is presented (120–180 s).

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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in both control (−4.1 ± 0.8 mmHg, P = 0.004) and
L-NMMA (−5.2 ± 2.0 mmHg, P = 0.046) conditions, but
the magnitude of the decrease was not different between
conditions (P = 0.72, Fig. 4). When expressed as AUC,
none of the central haemodynamics variables (HR, SV,
CO and MAP) revealed a significant difference between
conditions (data not shown).

Discussion

Using passive movement as a model devoid of an
exercise-induced increase in metabolism, yet highly
responsive in terms of increased LBF and LVC, we
have demonstrated that NO plays an essential role
in the magnitude and duration of movement-induced
hyperaemia and vasodilatation. Inhibition of NOS via
intra-arterial infusion of L-NMMA revealed that NO
contributes to ∼80% of the hyperaemia and vasodilatation
associated with passive movement. Additionally, it should
be noted that in the presence of L-NMMA, following a

significant, yet reduced, transient peak, which cannot be
explained by NO, both LBF and LVC decayed rapidly to
resting levels (within 20 s) after the onset of movement.
In contrast, in the control condition, LBF and LVC
remained partially elevated above rest for nearly the
full duration of the passive movement (2 min). Both
with and without L-NMMA, passive movement elicited
similar changes in central haemodynamics (HR, SV, CO
and MAP). The robust and relatively easily measured
reduction in NO-mediated vasodilatation and hyper-
aemia suggests that passive movement has significant
promise as a new approach to assess NO-mediated vascular
function, an important predictor of cardiovascular disease
risk.

Passive movement: a potential approach to assess
NO-dependant vascular function

Flow mediated dilatation (FMD) following ischaemic cuff
occlusion, introduced nearly 20 years ago (Celermajer

A

B

Figure 3. Absolute changes in leg blood flow (LBF;
A) and leg vascular conductance (LVC; B) in the
non-moved limb during 2 min of passive
movement with and without intra-arterial
NG-monomethyl-L-arginine (L-NMMA) infusion
Values are means ± SEM. One minute of resting data
was collected before passive movement and the
transition from rest to passive movement occurred at
time 0 on the x-axis. Passive movement ended at 120 s
and 1 min of recovery is presented (120–180 s).
Significant main effect of interaction (condition × time)
for both LBF and LVC, P < 0.05.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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A 

B 

C 

D 

Figure 4. Absolute peak changes in central haemodynamics
heart rate (A), stroke volume (B), cardiac output (C), and mean
arterial pressure (MAP) (D), during 2 min of passive movement
with and without intra-arterial NG-monomethyl-L-arginine
(L-NMMA) infusion
All variables exhibited significant changes from rest; however, there
were no significant differences between control and L-NMMA
conditions.

et al. 1992), has been routinely used in research to assess
NO-dependent vascular function (Anderson et al. 1995;
Joannides et al. 1995; Herrington et al. 2001; Corretti
et al. 2002; Gokce et al. 2003; Tschakovsky & Pyke, 2005;
Harris et al. 2010). However, although still having value
in terms of cardiovascular event prediction (Green et al.
2011), recent findings have challenged the notion that
this form of FMD is a valid and reliable measure of end-
othelial NO function (Tschakovsky & Pyke, 2005; Pyke
et al. 2010). As a primary goal of this study we aimed to
determine if passive movement can serve as a functional
bioassay for endothelium-derived NO bioavailability in
humans. Inhibition of NOS during passive movement
reduced LVC, and therefore vasodilatation, within the
passively moved limb by ∼80%, indicating that NO is the
primary mechanism involved in this movement-induced
vasodilatation. Inhibition of NOS during FMD has
yielded equivocal results with investigators reporting
complete ablation, partial reduction, or no change in
FMD (Joannides et al. 1995; Doshi et al. 2001; Mullen
et al. 2001; Kooijman et al. 2008; Pyke et al. 2010).
Discrepancies between these studies may be due to the
artery that is interrogated (brachial, radial, femoral),
occlusion cuff placement (proximal or distal to the site
of FMD assessment; Green et al. 2011), duration of cuff
occlusion, and health/age/disease state of the individuals
being tested. Compared to cuff occlusion-induced FMD,
passive movement does not require precise measurement
of conduit artery diameter as the common femoral artery
does not dilate during exercise (Wray et al. 2004, 2005b;
Parker et al. 2008), which greatly reduces the technical
requirements in terms of both sonography and analysis.
Additionally, acute tissue ischaemia, which is required to
induce cuff occlusion FMD and may be uncomfortable
or contraindicated in some individuals, is not a pre-
requisite for the assessment of vascular function by passive
movement.

While not documented directly in the current study,
we have previously determined that with age (McDaniel
et al. 2010b), spinal cord injury (Venturelli et al. 2012),
and heart transplantation (Hayman et al. 2010) vaso-
dilatation following passive movement is reduced. These
conditions are typically associated with reductions in
vascular function (DeSouza et al. 2000; Taddei et al. 2000;
Roig et al. 2009). These previous findings combined with
the present results suggest that passive movement may be
useful to determine differences in NO-dependent vascular
function between groups and individuals. Further research
is required to directly determine if ageing and other factors
that alter NO bioavailability impact the NO dependency
of passive movement-induced vasodilatation, as indicated
in our prior work (Hayman et al. 2010; McDaniel et al.
2010b; Venturelli et al. 2012).

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Contribution of NO to movement-induced
hyperaemia

Inhibition of NOS via L-NMMA reduced the magnitude
of the peak, overall hyperaemic response, and duration
of the increase in LBF in response to passive movement.
In fact, it is evident that movement-induced hyper-
aemia is primarily NO mediated as L-NMMA reduced
the increase in LBF by approximately 80%. At rest,
L-NMMA decreased LBF by only 32%, a basal reduction
that agrees with earlier studies (Taddei et al. 2001; Wray
et al. 2011). When normalized for this resting reduction,
the attenuation in LBF due to NOS inhibition remains
significant (Fig. 1B), providing evidence that the reduction
in LBF during movement is not simply due to the initial
reduction in resting LBF. The duration of the hyper-
aemic response was also affected by the reduction in NO.
Specifically, following the immediate transient peak in
LBF, which occurs in both conditions thereby likely being
NO independent, LBF decays to resting levels. The rate of
decay was greatly accelerated with L-NMMA and occurred
completely within 20 s following the onset of passive
movement. Conversely, LBF did not return to resting
levels until the end of the second minute of movement
in the control condition. The contrasting time courses
between control and L-NMMA conditions provides in
vivo evidence that the initial transient vasodilatation is
largely NO independent while the peak and sustained
vasodilatory and hyperaemic response is NO dependent.

The 80% reduction in LBF reported here for passive
movement is far greater than the reduction in hyper-
aemia reported as a consequence of NOS inhibition
during exercise. Indeed, NOS inhibition during exercise
has only been reported to attenuate hyperaemia by 5–25%
(Endo et al. 1994; Gilligan et al. 1994; Shoemaker et al.
1997; Radegran & Saltin, 1999; Frandsen et al. 2001;
Gordon et al. 2002; Schrage et al. 2004; Green et al.
2005; Wray et al. 2011). Recently, our group (Wray
et al. 2011) reported a 20–25% reduction in brachial
artery blood flow during progressive handgrip exercise
using an identical loading dose of L-NMMA as the
current study. During active exercise, other vasodilatory
mechanisms such as prostaglandins, endothelial derived
hyperpolarizing factors and ATP appear to compensate
for the reduction in NO bioavailability induced by NOS
inhibition (Mortensen et al. 2007). These compensatory
mechanisms appear to play a much more minor role
during passive movement when an increase in metabolic
rate is not evoked.

Despite the substantial 80% reduction in LBF, the
immediate increase in the hyperaemic response appears to
be largely NO independent. In fact, during the first 9 s of
passive movement the change in LBF was nearly identical
between conditions. The immediate and rapid response
documented here supports previous findings, using an

active exercise model, that the increase in vasodilatation
occurs following the first muscle contraction without a
measurable delay and without a contribution from NO
(Saunders & Tschakovsky, 2004; Saunders et al. 2005).
Vascular deformation, caused by contraction, or in the
case of passive movement, the changes in muscle length,
may stimulate a mechanosensitive mechanism causing
subsequent vasodilatation and hyperaemia (Mohrman &
Sparks, 1974a,b; Hamann et al. 2004; Clifford et al. 2006;
Kirby et al. 2007). Clifford et al. (2006) reported that
mechanical compression caused immediate dilatation in
isolated rat feed arteries. Importantly, in reference to the
current study, increasing the number of compressions
increased the magnitude of the dilatation (Clifford
et al. 2006; Kirby et al. 2007). The passive movement
at 1 Hz, employed in this study, may be analogous
to multiple compressions which increases the vaso-
dilatory response. Additionally, removal of the feed
artery endothelium reduced, but did not abolish, the
vasodilatation implicating both endothelium-dependent
and independent mechanisms (Clifford et al. 2006). In
agreement with this finding (Clifford et al. 2006), in the
present study NOS inhibition is likely to have effectively
removed NO-dependent vasodilatation, yet 20% of
the vasodilatory response was unaffected and remains
unexplained.

Although the specific vasodilator or combination of
vasodilators and myogenic regulation involved in the
immediate vasodilatory response is not known, our
findings speak specifically against a role for NO. Others
have also indicated that local endothelium-dependent
vasodilators (NO and prostaglandins) in addition to
neural mechanisms do not appear essential for immediate
dilatation (Shoemaker et al. 1996; Brock et al. 1998; Dyke
et al. 1998; Buckwalter & Clifford, 1999; Saunders et al.
2005). A potential mechanism may involve smooth muscle
hyperpolarization associated with muscle activation which
immediately increases interstitial and plasma potassium
(K+) concentration following a single muscle contraction
(Mohrman & Sparks, 1974b; Hamann et al. 2004;
Armstrong et al. 2007). Inhibition of the K+ channels
reduced the contraction-induced hyperaemia thereby
determining that K+ is a significant contributor to the
immediate vasodilatory response (Hamann et al. 2004).
Given the lack of voluntary muscle activation with passive
movement the contribution of K+ to the immediate hyper-
aemic response in the current study is uncertain; however,
mechanosensitive ion channels are present in endothelial
cells and may contribute to the stretch and shear induced
changes in vascular tone (Lansman et al. 1987; Olesen
et al. 1988). Myogenic vasodilatation may play a role as we
have previously reported an increase in perfusion pressure
augmented LBF and LVC immediately following the onset
of movement (Trinity et al. 2011). Further research, in
this regard, is warranted to determine the mechanism
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involved in the rapid movement-induced vasodilatory
response.

Central haemodynamics and passive
movement-induced hyperaemia

Passive movement elicits a reflex-mediated increase in
cardio-acceleration and central haemodynamics (Nobrega
& Araujo, 1993; Wray et al. 2005a; Hayman et al. 2010;
McDaniel et al. 2010a; Trinity et al. 2010, 2011). At the
onset of passive movement, group III mechanosensitive
skeletal afferent fibres are stimulated by the movement
itself. This afferent feedback is relayed to the cardiovascular
control centre and causes subsequent increases in HR and
CO (Trinity et al. 2010). As the passive movement was
identical between conditions and the afferent stimulus
was intact, the subsequent increase in HR and CO would
be expected to be similar with and without L-NMMA.
However, previously, we have reported that a greater
increase in LBF is associated with a greater CO response
(Hayman et al. 2010; McDaniel et al. 2010b; Trinity et al.
2010, 2011). The small number of subjects may have
influenced our ability to observe a significant difference
in the CO response between conditions; however, when
viewed across the entire passive movement protocol, the
central haemodynamic responses (HR, CO and MAP)
were also very similar between conditions (data not
shown). In the current study, acute reductions in vascular
conductance, induced by L-NMMA infusion, during
passive movement impacted LBF, but not the magnitude
of the central haemodynamic response. Previously, in
agreement with this concept, complete occlusion of the
passively moved limb tended to increase blood flow to
the non-moved leg despite having no impact on HR and
a minimal influence on CO (McDaniel et al. 2010a).
Interestingly, in the current study, L-NMMA infusion
reduced LBF and LVC in the passively moved limb and
immediately after the onset of movement, the non-moved
leg experienced a significantly faster increase in LBF and
LVC compared to the control condition. This finding
indicates that when the increase in LVC of the passively
moved leg is inhibited, the increased CO is directed to
other vascular beds, thereby facilitating the ‘absorption’
of the increased CO without increasing MAP.

Conclusion

Passive movement-induced increases in vasodilatation
and subsequent hyperaemia are ∼80% NO-dependent.
Inhibition of NOS with L-NMMA attenuated the
magnitude and duration of the hyperaemic and vaso-
dilatory response. The second-by-second resolution of
the measurements of LBF and LVC revealed that the
immediate and sustained vasodilatory and hyperaemic

responses are governed by distinct mechanisms. The
small, but immediate increase in LBF and LVC appears
to be primarily NO independent while the majority
of the movement-induced response beyond the first
10 s is largely NO dependent. Given the high NO
dependency of the overall vasodilatory response, and
the relatively simple method of assessment and analysis,
passive movement appears to be a novel approach to
the in vivo determination of NO bioavailability and
endothelium-dependent vascular function.
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